We conducted a retrospective study to evaluate the relationship between external auditory canal (EAC) anomaly, temporal bone abnormality, and hearing levels using objective scoring systems in Chinese patients with microtia. The study population consisted of 106 ears of 94 Chinese patients (67 male and 27 female) aged 5 to 45 years (mean: 12.6) with microtia. The EAC abnormalities were classified into 4 types according to Schuknecht's criteria: type A, type B, type C, and type D. Developmental anomalies of the temporal bone were evaluated by Jahrsdoerfer computed tomography (CT) scoring system using high-resolution CT scans of the temporal bone. Temporal bone malformation parameters were divided into 4 subgroups: ossicular chain development, windows connected to the cochlea, aeration development of the middle ear, and facial nerve aberration. Hearing levels (air conduction and bone conduction) were examined. Outcomes parameters included correlation coefficients (r) and a number of other variables. The total points (10 points) and subtotal points related to ossicles (4 points), windows (2 points), aeration (2 points), and facial nerve (1 point) correlated inversely with the EAC abnormal-ities. The hearing levels (air conduction, r = 0.396, p <0.01; bone conduction, r = 0.21, p = 0.03) correlated significantly with the EAC abnormalities of Schuknecht's classification. We conclude that the better developed the external auditory canal, the better developed the temporal bone and the better developed the external auditory canal, the better hearing level. The hearing level also can serve as an indicator to determine whether a patient will be suitable for reconstructive surgery.
Introduction
Congenital aural atresia is an ear deformity present at birth involving some degree of failure in the development of the external auditory canal (EAC); it is often associated with dysmorphic features of the auricle, middle ear, and inner ear structures. Its incidence ranges from 1 in 10,000 to 20,000 live births. 1, 2 The anomalies occur in varying combinations and severity at the point of the auricle, the EAC, the middle ear, and the inner ear structures.
The EAC anomaly varies from a slightly narrow canal to complete atresia. Schuknecht roughly classified microtia/atresia of the EAC into 4 types based on anomalies of the EAC, anomalies of the auricle/ossicles, anomalies of the tympanic membrane, facial nerve aberrant, and pneumatization of the mastoid air cells. 3 Abnormalities of the middle ear structure include stapes deformity, fusion of malleus and incus, anomaly of the incus/stapes connection, absence of oval or round windows, poor pneumatization of the middle ear space, and aberrant course of facial nerve. [3] [4] [5] [6] [7] The incidence of inner ear abnormalities associated with microtia is estimated to range from 10 to 47%. 8 Surgery for microtia/congenital aural atresia is one of the most challenging and difficult procedures in otology, as this condition is often accompanied by various temporal bone abnormalities. [3] [4] [5] [6] [7] [8] Depending on the severity of the middle ear anomaly and EAC anomaly, the selected surgery may be pinnaplasty alone, reconstruction of the EAC, or tympanoplasty, aiming at improvement of hearing. Accordingly, understanding the severity and condition of the auditory ossicle anomaly and EAC abnormality is essential to determining the appropriate surgical approach.
Preoperative high-resolution computed tomography (HRCT) is indispensable for the surgical planning because it provides important anatomic information. For determining good surgical candidacy and accurate prediction of the surgical outcome, Jahrsdoerfer et al developed a grading system based on preoperative temporal bone HRCT and appearance of the auricle. 9 The correlation between microtia grade and severity of middle ear anomalies has been reported by Jahrsdoerfer et al, who found that the better developed the external ear, the better developed the middle structures. 6 Therefore, the severity of microtia can be used as an indicator of middle ear development in microtia. 6 Predicting the severity or regularity of the ossicles anomaly beforehand, based not only on the results of temporal bone HRCT but also on condition of the anomaly of the EAC, could also be useful. In previous studies, however, only white patients were examined, and to our knowledge, no studies have yet examined Chinese patients. Moreover, the correlation between individual parameters of the CT scoring and EAC types, as well as the relation between hearing level and EAC types, have not been evaluated. The purpose of the present study was to evaluate such relationships by using the CT scoring system of Jahrsdoerfer et al and Schuknecht's EAC classification in a Chinese population.
Patients and methods
We retrospectively reviewed the records of all the patients with microtia who presented to the ENT outpatient clinic at the Shanghai Ninth People's Hospital Affiliated Shanghai Jiao Tong University School of Medicine, Shanghai, China. The study included 106 ears of 94 patients with microtia (67 male and 27 female) aged 5 to 45 years (mean: 12.6), who were seen between June 2011 and May 2014 and who underwent HRCT examination of the temporal bone and puretone hearing tests in our department.
Patients who had other abnormalities associated with systemic syndromes, such as Goldenhar and Treacher Collins syndromes, those younger than 5 years of age in whom pure-tone hearing test was not possible, and those with bilateral microtia in whom reliable hearing thresh-olds could not be obtained because of cross-hearing caused by insufficient masking were excluded from this study.
According to Schuknecht's classification of atresia on the basis of HRCT findings, the anomaly of EAC can be divided into 4 types (A to D). 3 • In type A, the EAC anomaly is limited to the fibrocartilaginous part, the EAC is stenotic with occasional auricular deformity, and cholesteatoma sometimes develops in the EAC.
• In type B, however, narrowing and occasionally tortuosities of both fibrocartilaginous and bony parts of the canal are found, with occasional microtia.
• Type C has a totally atretic EAC, with well-developed pneumatization of the tympanic cavity.
• Type D has poor pneumatization of the temporal bone, with severe abnormality of the middle ear structures.
We included types A and B in the stenotic group and types C and D in the atresia group.
We obtained CT images of the temporal bone. Continuous 1.0-mm-thick slices were obtained in both axial and coronal planes at 120 kVp and 160 mA. The abnormalities of the temporal bone were graded according to the CT scoring system of Jahrsdoerfer et al, as the grading system reflected both the development of the auricle and the structures of the temporal bone. 9 We divided the CT scoring system into 4 parameters: (1) subtotal of parameters related to ossicular development (absence/presence of the stapes, malleus/ incus complex, and incudostapedial connection [total points: 4]); (2) subtotal of parameters related to windows connected to the cochlea (absence/presence of the oval and round windows [total points: 2]); (3) subtotal of parameters related to aeration of the middle ear cavity, such as the middle ear space and mastoid pneumatization (total points: 2); and (4) those related to the facial nerve route (total point: 1).
Pure-tone average (average of air conduction and bone conduction thresholds at 500, 1,000, and 2,000 Hz) was used as the representative value of hearing level. For correlational analyses, Spearman nonparametric rank correlation was calculated between Schuknecht's classification and total scores of the CT scoring (total points: 10) and the above 4 subtotal scores reflecting specific temporal development.
We examined the relationship between hearing levels (air conduction and bone conduction) and the results of Schuknecht's classification. We also compared the low and high group of total scores and the 4 subtotal scores of the CT scoring system under conductive hearing condition using the Student t test, and all the confidence intervals were calculated with p <0.05.
Results
No abnormalities of the inner ear, such as agenesis of the cochlea or enlargement of the vestibular aqueduct, were found in any patient. Table 1 shows the numbers of ears in each of the 4 EAC types (A to D) in relation to the side of the microtia. The type of EAC anomalies was not associated with the side of involvement (p = 0.805). Table 2 shows the numbers of ears based on the distribution of each parameter of the CT scoring system.
The relationships between total/subtotal points and the 4 atresia types according to Schuknecht's criteria are depicted in table 3.
There was a significant difference between the stenotic and atretic groups in total points (p = 0.001), subtotal points related to ossicular development (p = 0.038), and subtotal points related to aeration of the middle ear cavity (p = 0.016). The differences between the stenotic and atretic groups failed to reach statistical significance when considering subtotal points related to windows connection to cochlea (p = 0.68) and facial nerve aberration (p = 0.191). Table 4 shows the relationships between hearing level and EAC types according to the criteria of Schuknecht. 3 There was a significant difference between the stenotic group and the atretic group (p = 0.005) on the air conduction hearing level. As for the bone-conduction hearing level, however, the difference between the stenotic group and the atretic group failed to reach statistical significance (p = 0.737). The relationships between hearing levels (air conduction and bone conduction) and the total/subtotal points of the CT scoring system appear in table 5. With respect to the air-conduction hearing level, there was a significant difference between ears with low and high scores in total points and 4 subtotal points groups except for the windows connected to the cochlea group. As for the bone-conduction hearing level, there was also a significant difference between ears with low and high scores in total points and 4 subtotal points groups, except for the ossicular development group. 
Discussion
Patients with microtia usually have stenosis or atresia of the EAC. The state of the EAC is one of the most important factors that influences hearing. Moreover, a previous study clearly demonstrated a close relationship between the formation of the EAC and that of the malleal manubrium. 10 Consequently, patients were divided into stenotic and atretic groups according to the appearance of the EAC. For examination of the temporal bone malformations, Jahrsdoerfer et al developed a CT scoring system according to the evaluation of 9 parameters related to middle ear development, and stated that such assessment is useful to determine candidacy for atresia surgery. 9 To the best of our knowledge, the correlation between abnormal EAC and CT parameters (total/subtotals) with respect to the development of specific components of the middle ear has not been reported previously. Our study indicates a significant relationship between the development of EAC and all of the subgroups of middle ear development. That is to say, the better developed the external auditory canal, the better developed the temporal bone. This relationship may be explained by the embryologic development of the EAC and middle ear.
The formation of the EAC starts with invagination of the first branchial cleft to form the primitive meatus. This area is located between the first and the second branchial arches. At the fourth week of gestation, a solid core of epithelial cells, derived from the ectoderm of the first branchial groove, comes into contact with the ectoderm of the first pharyngeal pouch, in the area of the tympanic ring. [11] [12] [13] By the eighth week of gestation, the primary meatus is formed like a funnel-shaped tube as the first branchial cleft deepens toward the tympanic cavity. 11, 12 At the sixth month of gestation, the epithelial plate starts to canalize from a medial to a lateral direction to meet the primitive meatus. 11, 12, 14, 15 Development of the ossicles begins in the fourth week of gestation.
The middle ear ossicles, except for the stapes footplate deriving from the otic capsule, arise from the mesenchyme of the first and second branchial arches. The first branchial arch differentiates into the Meckel cartilage, which gives rise to the malleus and incus. The second branchial arch differentiates into the Reichert cartilage, which gives rise to the stapes. Expansion of the first branchial pouch leads to development of the tympanic cavity and mastoid air cells. The thinning out of mesenchymal tissue at the junction of the first branchial groove with the first branchial pouch creates the tympanic membtane. [12] [13] [14] [15] [16] [17] The facial nerve is the nerve of the second branchial arch. Its development starts with the differentiation of neuroblasts from the acoustic-facial primordium between the fourth and fifth week of gestation. 12, 15 The inner ear develops at about the third week of gestation, the otic placodes first arise from the surface ectoderm on each side of the rhombencephalon. The membranous cochlea achieves 1 to 1.5 turns at the end of 6 weeks, and 2.5 turns are formed at the end of the seventh week. The semicircular canals start to develop from the utricle segments of the otocysts at 7 to 8 gestational weeks. 15, 17, 18 From this basic knowledge of the ear embryology, we can find that the recanalization of the EAC occurs at the same time or earlier than the middle ear development. With abnormal EAC formation, the structures around the ear are displaced from their normal position. Thus, a severely malformed EAC may indicate an arrest of development at an early stage; therefore, it is more likely to be associated with the ossicles, oval/ round window, aeration of the middle ear, and facial nerve anomalies.
Our results showed a positive relationship between hearing level and the abnormal EAC according to Schuknecht's classification. This finding suggests that some specific factors related to temporal bone anomaly influence the hearing level, and may prove the principle "the better developed the external auditory canal, the better hearing level will be."
As for the air-conduction hearing level, the stenotic group was significantly different from the atretic group. Some sound waves might not be transmitted to the ossicle chain because of the atretic EAC. With respect to the bone-conduction hearing level, however, there was no obvious difference between the stenotic and atretic groups. The reason for this finding may be that sound waves were transmitted to the cochlea through the skull, irrespective of the state of the EAC.
In our study, regarding the air-conduction hearing level, there was an obvious difference between ears with low and high scores in total points and 4 subtotal points groups, except for the windows connected to the cochlea group. This finding may indicate that the malformed temporal bone influences the air-conduction hearing level significantly.
Interestingly, with respect to the bone-conduction hearing level, there was also a significant difference between ears with low and high scores in total points and 4 subtotal points groups, except for the ossicular development group. This difference suggests that the abnormality of the ossicular chain development has no obvious influence on the bone-conduction hearing threshold.
In conclusion, our study confirmed the principle that "the better developed the external auditory canal, the better developed the temporal bone," and "the better developed the external auditory canal, the better the hearing level will be" in Chinese patients with microtia. 
